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1. Introduction

Joining method is a very important problem in practical applications of
metal and composite structures. Although this problem has been well studied
in metallic structures, many studies are needed for joining composite
structures. The joining methods in polymeric composites can generally be
classified into three categories: (1) bolted joints [1-8]; (2) bonded joints [9-14];
and (3) bolted-bonded joints [15]. They have all been used extensively in
aircraft industry. Most of the studies that appear in the open literature are
either focused on bolted joints or bonded joints. Very few of them have
studied bolted-bonded joints.

Early work on bolted joints was confined to single-bolted joints and the
conditions to achieve bearing strength. Recent studies have shown that
structural behavior of multiple-bolted joints is very different from that of
single-bolted joints. Since multiple-bolted joints have great practical
applications, both theoretical and experimental study for composite structures
involving mechanical joints must use multiple-bolted joints.

It is commonly believed that adhesive joints in structures can provide
higher load transfering efficiency than mechanical joints. This may be true
under certain material and geometric configurations. It does not represent a
guaranteed relation.

The objective of this research is to evaluate the efficiency of bolted,
bonded, and bolted-bonded joints in laminated composites with single-lap shear
configuration and subject to tensile loading. A test program is carried out to
compare the efficiency of these three different joining methods using minimum
number of specimens needed. The data generated in this program can help to
understand and to improve structural design involving adhesive and mechanical
joints.

2. Joining Efficiency

A structure normally consists of more than one component for various
reasons including manufacturing, maintenance consideration, transportation
and installation, design, etc. The components are joined together using
mechanical joints, bonded joints, or both. The efficiency of the joint is defined
as the load carrying capability of the structure with joints as compared to that
of a single-component structure. That is:




e = Failure load of a structure with joints
Failure load of a single-component structure (same layup)

where the widths of the structures evaluated should be the same. An
alternative method of evaluating the joining efficiency is to use the remote
fracture strains measured by strain gauges or other techniques

eq = Remote fracture strain of a structure with joints
Fracture strain of a single-component structure (same layup)

One must be very careful in using the strain values to calculate the joining
efficiency. If the location where the strain is measured is not sufficiently far
away from the joints, cutouts or any stress concentrations, then we actually
calculate the strain concentrations rather than the joining efficiency.

The definition of joining efficiency by failure load is very clear and easy
to calculate. Therefore, we will use this method to evaluate the joining
efficiency in this research project.

3. Experimental Program

Graphite/PEEK AS4/APC-2 unidirectional prepreg was chosen to fabricate
[0/90/+45)55 and [0/+45], panels. Then they were sliced to the dimensions
designed using diamond coated saw. Four to six replicas were fabricated and
tested for each specimen configuration.

3.1 Specimen Design

The width of the specimens, with or without joints, are all 2.25 in..
Baseline specimens (coupons) are 12.7 inch in length with 2.35 inch end tabs at
both ends. This leads to 8-inch gage length. Single lap joint configuration
was used to evaluate the joint efficiency under tensile loading. The gauge
lengths of the bolted specimens, bonded specimens, and bolted-bonded
specimens are all 6 inches so that the experimental results can be plotted on the
same figure for comparison.

The dimensions of the specimens with bolted joints or bolted-bonded
joints are illustrated in Figures 1 through 5. The bonded areas for the
specimens with bolted-bonded joints (2 bolts and 4 bolts) are all 2.25 inches by
2.25 in.. Specimens with 6 bolts or 8 bolts do not use bonded joints.
Specimens with 2 bolts or 4 bolts have a region of 2.87 inches long in both
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Figure 1. A single-bolted joint specir—nen.

REGION FOR
287 DOUBLER
875 2.25
0.75
0.75
0.75
/zxo.zs D
2.25 1.875
REGION FOR
DOUBLER 2.87

Figure 2. A bolted-bonded joint specimen with 2-bolt configuration.
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Figure 3. A bolted-bonded joint specimen with 4-bolt configuration.
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Figure 4. A bolted joint specimen with 6-bolt configuration.
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Figure 6. Set-up of single-lap joint specimens for tensile test.




ends for doublers. The distance between the overlapped joint and the doubler
is 1.875 inches. The doubler regions for the specimens with 6 bolts or 8 bolts
are all 2.2 inches. The bolt holes are all 0.25 inch in diameter.

The specimens with bonded joints are sketched in Figure 6. The bonded
areas are all 2.25 inches by 2.25 inches. The distance between the overlapped
joint and the doubler is 1.875 inches and the lengths for the doublers are 2.2
inches.

3.2 Specimen Preparation

The specimens were all cut using diamond impregnated saw, water cooled.
The bolt holes were machined using a three-step procedure. First step used a
0.125-inch Carbide center drill to cut a pilot hole at a speed of 1300 RPM.
Then a 15/64-inch Carbide center drill is used to enlarge the hole at a speed of
1200 RPM. Finally, we used a 0.25-inch. Carbide reamer to finish the hole at
a speed of 500 RPM. After the holes were cut the specimens were examined
using C-SCAN to ensure that there is no damage or defects in the specimens.
The diameters of the bolts were 0.25 inch that create a close-fit bolted joint.
The hardness of the bolt is 20 Rockwell C. Washers were used on both sides
of the specimens. The inside and outside diameters of the washer are 0.275
inch and 0.55 inch, respectively. A torque of 100 in-1b was applied to fasten
all the bolts to the specimens.

The bonded surfaces of the specimens with bonded joints were roughened
first using a 120-grid Silicon Carbide sandpaper. Two specimens were then
grit blasted at 100-120 psi pressure. One specimen was grit blasted with the
same pressure without being sanded. After the specimens were cleaned they
were bonded using FM-400 adhesive (American Cyanamid). The specimens
were put in an oven with bonded surfaces pressed together with approximately
35 psi, accomplished by dead weight. Heat was applied at a rate of 5° F/min..
After the oven reaches 340° F, the temperature was maintained for 1 hour.
After heating, the specimens were cooled naturally to ambient temperature.

End doublers were cut from the test panel and attached to both ends of
each specimen (Figure 6). This procedure ensures that the specimen has the
same thickness under the machine grips and the load was applied through the
center of the specimen.

3.3 Testing

Tensile loading was applied for all the specimens. The coupons were
strain gauged to measure the stress-strain relation, modulus, Poisson's ratio




and fracture strength. Load versus crosshead displacement relation was
measured for all specimens tested. Loading rates were all set at 0.05 in/min.
Most of the specimens were loaded to ultimate failure. The load-crosshead
displacement relation was digitized using data acquisition system. After the
specimens were fractured, their failure mechanisms were examined and
recorded.

4 Experimental Results and Discussion

The experimental results that were analyzed included load-crosshead
displacement relation, ultimate strength, failure mechanisms, and the joining
efficiency.

4.1 Load vs. Crosshead Displacement Relation

Since the gauge lengths of the baseline specimens (coupons) are 8 inches
the crosshead deflections must be multiplied by a factor of 0.75 so that the
results can be plotted on the same figure with the data with joints. Figure 7
compares the load-crosshead displacement relations of [0/90/%45]25 coupons
and specimens with bonded joints, bolted-bonded joints with 2 bolts and 4
bolts, and bolted joints with 6 bolts. All the curves exhibit somewhat
nonlinearity. The result of bolted-bonded joints with 2 bolts reaches a plateau
when the laminate strain (between grips) is approximately 1.17%. Figure 8
gives an exploded view of the initial portion of the load-deflection curves. All
the specimens with joints have less stiffness than those of baseline specimen
because of the eccentricity of the specimens. The specimens with 2 bolts and 4
bolts have the same joint stiffness initially. After we saw a sudden drop of
load in the load-deflection curve, we unloaded the specimen for observation.
Debonding was found in the adhesive layer. Because of the difference in load
transfer mechanisms the debonding in bolted-bonded joints occurs at a lower
load for 2-bolt than for 4-bolt configuration. After debonding occurs, the load
is transferred through the bolts. Therefore, a bolted-bonded joint with 4-bolt
has higher joint stiffness than that with 2-bolt as shown in Figure 8.

The load-deflection curves of AS4/APC-2 [0p/+45],¢ laminates including
baseline specimens, bonded joints, bolted-bonded joints with 2-bolt and 4-bolt,
and bolted joints with 6-bolt are illustrated in Figure 9. Except the specimens
with bonded joints and bolted-bonded joints with 2-bolt all the other specimen
configurations have higher fracture loads than those of the [0/90/£45]2s
laminates as shown in Figure 8.
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In the following illustrations each figure contains the relations of load-
crosshead deflections of two representative specimens. The load-deflection
relations of the [0/90/+45],5 specimens, Figure 10, with a bonded joint (single
lap) are linear until just before the specimens fail. Similar behavior was
observed for the [0,/£45],¢ laminates with bonded joints, Figure 11.

The load-crosshead displacement relations of the [0/90/4+45],5 and the
[02/245]5¢ laminates with bolted-bonded joints with 2-bolt are very similar.
The first load drop of the former specimen, Figure 12, occurs at 2840 pounds.
which indicates that debonding of the adhesive layer starts to occur. At
3350~3410 pounds a significant load drop appears which is caused by a
complete debonding of the adhesive layer. Beyond this point the load was
transferred through the bolts. At 4900~5000 pounds the curves reach a plateau
that signals the initiation of bearing failure. For the [05/4+45]5¢ laminates,
Figure 13, the initial and the complete debonding occurs at 2400~2800 pounds
and 2800~3200 pounds, respectively.

The load-crosshead deflection relations of the [0/90/445],¢ and the
[02/£45]5 laminates with bolted-bonded joints with 4-bolt are nonlinear. The
load drop of these laminates occur at 5700~6206 Ibs (Figure 14) and
6195~6690 pounds (Figure 15), respectively. The load drop in these two
figures indicates a complete debonding of the adhesive layer. There are no
distinct signals of partial debonding as those in the 2-bolt specimens. No effort
was made to examine if partial debonding occurs in a progressive manner.

The load-crosshead deflection relations of the [0/90/+45],¢ (Figure 16)
and the [0p/+45],5 (Figure 17) laminates with bolted joints (6-bolt) are linear

for most part of the curves. Only a small portion at the end of the curve
exhibits nonlinear behavior. The unsmoothness of the initial portions of the
curves is caused by overcoming the friction between the specimen and the
washer due to the applied torque.

4.2 Strength Data

The modulus, Poisson's ratio, and strength properties of the baseline
specimens are listed in Table 1. The ultimate strengths of the [0/90/+45],¢ and
the [0p/£45],¢ laminates are 86.8 and 144 ksi, respectively. The bonded joint
data is given in Table 2. The effects of surface preparation are reflected by
the maximum load carrying capability. It is commonly believe that sanded and
grit blasted surfaces result in higher joining strength. Only two specimens
were tested to show the trend of joining strength in this project.
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Figure 16. Load-crosshead deflection relations of AS4/APC-2
[0/90/+45],¢ laminates with bolted joints (6-bolt).
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Figure 17. Load-crosshead deflection relations of AS4/APC-2
[0,/+45],¢ laminates with bolted joints (6-bolt).
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Table 1. Experimental results of Gr/PEEK AS4/APC-2 coupons.

SPECIMEN LAY-UP MAX STRENGTH POISSON'S| LONGITUDINAL
NUMBER LOAD (ib) (Ib) RATIO | MODULUS (msi)

J1-21 [0/90/+45]2s 15000 81.5% 0.31 6.9

J1-22 " 16100 84.2 0.30 7

J1-23 15350 90.1 0.37 6.4

J1-24 15400 87.5

J1-25 16500 84.0

J1-26 16150 88.4
AVERAGE 15750 86.8 0.33 6.7
STANDARD 581 3.9 0.04 0.32
DEVIATION

13-21 [0/0/£45]2s 26400 135 0.67 10.6

13-22 " 24500 150 0.71 10.8

13-23 27600 155 0.71 10.5

J3-24 26200 132

J3-25 28800 134

13-26 29000 157
AVERAGE 27083 144 0.70 10.6
STANDARD 1727 8.5 0.02 0.15
DEVIATION

* : Torque applied to sample during set-up; not included in average.

Loading rate = 0.05 in/min
Gauge length of all specimens = 8.0 in




Table 2. Single lap shear strength (bonded joint) of Gr/PEEK AS4/APC-2 laminates.

SPECIMEN SPECIMEN LAY-UP MAX LOAD |SHEAR STRENGTH
TYPE NUMBER (1b) (psi)
BONDED J1-11-19 [0/90/+45]2s 2263 447
J1-12-20 " 2490 492
J1-13-18 " 2500 494
J1-14-17* " 2011 397
J1-15-16 " 3200 632
AVERAGE: 2493 492
STANDARD 992 303
DEVIATION
J3-11-20 [0/0/+45]2s 3300 652
J3-12-19 [2] " 4100 810
J3-13-18 " 2500 494
J3-14-17 " 3290 650
J3-15-16%* " 2290 452
AVERAGE: 3096 612
STANDARD 1464 389
DEVIATION

*: Bonded surfaces grit blasted, excluding in average.

** : Bonded surfaces sanded and grit blasted.

Gauge length of all specimens = 6 in

Loading rate = 0.05 in/min
Machine grip pressure = 2 ksi
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If we consider only the specimens with their surfaces prepared by sanding
method, the average shear strengths in the adhesive layers are 516 and 651 psi
for the two layups. Table 3 lists the initial and complete debonding load, and
bearing failure load of the specimens with bolted-bonded joints with a 2-bolt
configuration. It also shows the complete debonding load and the ultimate
failure load of the specimens with bolted-bonded joints with a 4-bolt
configuration. The results of the specimens with bolted joints with a 6-bolt
configuration are tabulated in Table 4.

4.3 Failure Mechanisms

The failure mechanisms of the [0/90/£45],4 and the [0/£45],¢ laminates

with bonded joints are practically the same. The failure initiates with
laminate/adhesive debonding at one interface and jumps to the next interface,
Figure 18.

Figures 19a-b show the front view and the edge view of the [0/90/+45]25
specimen with bolted-bonded joints with a 2-bolt configuration after the
ultimate failure. Complete debonding was observed in the adhesive layer. The
corresponding results for a [02/+45], laminate are illustrated in Figures 20a-
b. The failure mechanisms involve bearing failure under the washer area and
cleavage failure outside the washer area and a complete debonding between the
laminate/adhesive interfaces.

Figures 21a-b illustrate a [0/90/+45], specimen with bolted-bonded
joints with a 4-bolt configuration after the ultimate failure. These pictures
show a clean fracture across the interior row (from the free edge) of bolt holes
and a complete laminate/adhesive interfacial debonding. The corresponding
results for a [0»/+45],¢ laminate, Figures 22a-b, show a zig-zag failure across
the interior row of bolt holes and splitting and peeling in the outermost 0°
layers. A complete interfacial debonding was observed between the
laminate/adhesive interfaces.

A post-faiure examination of the [0/90/+45],5 specimens with bolted
joints in a 6-bolt configuration reveals a failure plane occuring across the
interior row of bolt holes, Figures 23a-b. There is a shift in failure locations
(relative to the hole) from the region inside the washer to the region ouside the
washer. For the [0,/+45],¢ specimens, Figures 24a-b, failure planes occur in a
zig-zag pattern across the interior row of bolt holes with splitting and peeling
in the outermost 0° layers.
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Table 3. Strength of AS4/APC-2 specimens with bolted-bonded joints.

SPECIMEN]| SPECIMEN LAY-UP MAX FAILURE* COMPLETE
TYPE NUMBER LOAD (LB) | INITIATION (LB) | DEBONDING (LB)
2-BOLT J2-9-13 [0/90/+45]2s 4906 2840 3320

J2-10-14 " *k 2350 3280
12-11-15 " 4896 2840 3350
J2-12-16 " 5127 2840 3410
AVERAGE: 4976 2718 3340
STANDARD 148 237 55
DEVIATION
J4-9-13 [0/0/+45]2s 5200 2800 3200
J4-10-14 " 4990 3040 3100
J4-11-15 " 4900 3400 3615
J4-12-16 " 5010 2400 2800
AVERAGE: 5025 2910 3179
STANDARD 126 420 334
DEVIATION
4-BOLT J2-1-5 [0/90/+£45]2s 8097 6010
J2-2-6 " 8097 6205
J2-3-7 " 8097 5985
12-4-8 " 8097 5700
AVERAGE: 8097 5975
STANDARD 0 208
DEVIATION
J4-1-5 [0/0/£45]2s 9400 6195
J4-2-6 " 9310 6200
J4-3-7 " 9233 6690
J4-4-8 " 9300 6575
AVERAGE: 9311 6415
STANDARD 69 256
DEVIATION

* : Failure initiation corresponds to first load drop of the load-deflection curve.
** ; Specimen removed from test for observation.

Loading rate = 0.05 in/min
Gauge length of all specimens = 6.0 in
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Table 4. Experimental results of AS4/APC-2 specimens with bolted joints (6-bolt).

SPECIMEN SPECIMEN LAY-UP MAX
TYPE NUMBER LOAD (LB)
6-BOLT J1-14 [0/90/£45]2s 8220
J1-2-3 8640
J1-5-8 " 9100
J1-6-10 ! 8760
J1-7-9 " 8860
AVERAGE: 8716
STANDARD DEVIATION 325
J3-1-10 [0/0/£45]2s 10900
J3-2-8 " 11125
J3-3-9 11220
J3-4-7 " 11380
J3-5-6 " 9300
AVERAGE: 10785
STANDARD DEVIATION 848
Loading rate = 0.05 in/min
Gauge length of all specimens = 6.0 in
Machine grip pressure = 1000 psi
Table 5. Experimental results of AS4/APC-2 specimens with bolted joints (8-bolt).
SPECIMEN SPECIMEN LAY-UP MAX
TYPE NUMBER LOAD (LB)
8-BOLT J1-12-20 [0/90/+45]2s 8019
J1-14-17 " 8201
AVERAGE 8110
STANDARD DEVIATION 129
13-15-16 [0/0/%£45]2s 9685
J3-12-19 " 9784
J3-11-20 " 10272
AVERAGE 9914
STANDARD DEVIATION 298

Loading rate = 0.05 in/min
Gauge length of all specimens = 6.0 in

Machine grip pressure = 1000 psi
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Figure 20. Failure mechanisms of an AS4/APC-2 [05/145],4
laminate with bolted-bonded joints (2-bolt).

Figure 21. Failure mechanisms of an AS4/APC-2 [0/90/+45]>
laminate with bolted-bonded joints (4-bolt).

21




/+45]ps

f an AS4/APC-2 [0

with bolted-bonded joints (4-bolt).

anisms o

Failure mech

aminate

22

gure

Fi

1

2 [0/90/245]5

(6-bol).

f an AS4/APC

1Sms O

Figure 23. Failure mechan

joints

ith bolted

aminate wi

1

22



-’

Figure 24. Failure mechanisms ot an AS4/APC-2 |Uy/E45]pg

laminate with bolted joints (6-bolt).
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Figure 25. Joining efficiency versus number of bolts for
AS4/APC-2 [0/90/+45],¢ and [05/+45],5 laminates.
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4.4 Efficiency of Single-lap Joints

Using the definition of joining efficiency defined in Section 2, we
calculated the efficiency of the joining methods for the [0/90/+45]2s and the

[0,/+45],5 laminates with single-lap joint configurations. Figure 25 shows that

the former layup has significantly higher joining efficiency than that of the
later. The trends of these two curves for different layups are very consistent.
Also in this figure, the data along the vertical line with zero number of bolts
means bonded joints only. The data points with number of bolts equal to 2 and
4 are for bolted-bonded joints, and 6 and 8 are for bolted joints. When 1-bolt
is used for bolted joint specimens the joining efficiencies are 13.7 and 7.9%
for the [0/90/+45]5 and the [0/+45],5 layup, respectively. If we join the data
points of each curve for N (number of bolts) = 0 they tend to approach the
origin of the figure when N = 0. Both layups show that optimum joining
efficiency of single-lap joint configurations can be achieved with N lies
between 5 and 6. Adhesive layer does not affect the joining strength because it
debonds completely much earlier than the ultimate failure.

5. Conclusion

Joining efficiency is one of the most important issues in the joining of
composite structures. This experimental work shows that the highest
efficiency for the graphite/PEEK AS4/APC-2 [0/90/345]25 and the [0p/+45]2
laminates with a single-lap joint configuration is 54.8 and 39.8%, respectively.
The load level for complete debonding between the laminate/adhesive
interfaces increases in bolted-bonded joined specimens with increasing number
of bolts. However, since the debonding load is considerably lower than the
ultimate failure load, adhesive bonding does not affect the ultimate load
carrying capability. Before debonding occurs, adhesive joint increases the
joint stiffness slightly compared to the bolted-joint specimen.

Joining efficiency for double-lap joints should be higher than that for
single-lap joints because of the elimination of load eccentricity. Given the
situation of a single-lap joint, the joining efficiency appears to be quite low and
needs to be improved. We also conclude from this research that adhesive layer
debonds at low stress level when peeling stress and out-of-plane shear stress
are high in the adhesive layer of the thermoplastic composite (a common
phenomenon in single-lap joints). Therefore, bolted joints should be
considered favorably in single-lap joints and any other joint configurations
where peeling stress and out-of-plane shear stress are high and tend to debond

the adhesive layer.
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